In previous studies (1-3), a non-saccharified corn system was used to evaluate high-stress carbohydrate and osmotic conditions in ethanol fermentation by S. cerevisiae. The non-saccharified high corn system was developed during a study of methods to achieve ethanol yields with corn equivalent to those reached with rice in the sake process. The goal of achieving 20-22 c (v v) production of ethanol yields with corn would require the use of 50-55% (w v) corn mashes, with resultant increased fermentation times superimposed on carbohydrate and osmotic effects. Accordingly, studies were initiated, using the non-saccharified high corn system, to develop methods of accelerating the glycolytic rate.
In the earlier studies (1, 2), it was noted that the higher corn concentrations resulted in increased glycolytic rates. While the reason for these increased rates was not understood at the time, they were apparently due to the activation of glycolysis by solubilized nitrogen compounds in the corn mash. The present study was performed to show that glycolysis under similar fermentation conditions can be accelerated by the controlled addition of ammonium sulfate or ammonium chloride.
MATERIALS AND METHODS
Non-saccharified corn mashes, 38°c (w v), were prepared as in earlier ZIFFER VOL. 32 studies (1-3) by adding 240 ml of 0.1 N HC1 to 120 g of ground whole corn meal in 500 ml Erlenmeyer flasks, followed by gelatinization, sterilization, and neutralization to pH 5 with NaOH solution.
The preparation of the S. cerevisiae Y-567 inoculum and fermentation procedure was as previously described (4, 5) , with a final inoculation rate of 2.5 x 106 cells ml. Due to the very dense corn mash solids, it was impossible to sample the fermentation flasks during the run. Accordingly, ethanol concentrations during the fermentation were calculated from the weight of CO2 evolved, determined using a Sartorius balance, model no. 1404 MP8 (sensitivity ± 10 mg), and confirmed at the end of the fermentation by neutralization, distillation and refractive index determination (6) . The agreement between CO2 production and ethanol distillation values was very close. Anhydrous glucose UCB N.V., ammonium sulfate, Fluka puriss, ammonium chloride and citric acid, Frutarom analytical, were added to the non-saccharified corn mashes, where indicated, after sterilization but before pH adjustment. The ethanol production rates, expressed as ml hr, 20°C, were corrected for S. cerevisiae inoculum and corn mash blanks. The ethanol yield values were calculated as 0 of the theoretical, based on the theoretical conversion of the total added glucose to ethanol, corrected for the blanks.
RESULTS

AND DISCUSSION
Normal ethanol yields from grain using S. cerevisiae are in the range of 6-9 (v v) (7). In the sake process, ethanol yields in the range of 20% (v v) are obtained where very high rice mashes are fermented for up to 25 days (8) . It has been the goal of our studies to achieve similar high alcohol yields using corn as the fermentation substrate, and to accomplish this under production conditions in less than 48 hr, and preferably in less than 24 hr.
We had previously achieved ethanol yields of 14--15 % (v v) using 38°c (w/v) corn mashes saccharified with Aspergillus oryzae koji (4,5; J. Ziffer, unpublished) . The goal of 20-22% (v v) ethanol yields would, however, require the fermentation of 50-55° (w v) corn mashes, entailing significant changes in production technology. The use of such high corn concentrations and the concurrent need to modify present production procedures and fermentation equipment present formidable problems. Such high concentrations would, however, logically lend themselves to extruder processing, coupled to a plug-flow bioreactor system, the development of which would be a unique opportunity to design a continuous batch operation.
The ability to obtain such high ethanol yields in 24-48 hr under production conditions, would require careful control of the S. cerevisiae metabolic regulatory factors which are mediated, in part, by cell viability (9,10), alcohol toxicity (11-13), transport activity (14, 15) , and substrate and osmotic repression effects (1) (2) (3) 16, 17) . In the high corn fermentation, the critical mediating conditions appear to involve carbohydrate and osmotic effects, so it is important to understand these regulatory phenomena in order to develop a viable process. To achieve these goals, we have Acceleration of Glycolysis 501 been studying the high corn fermentation system, particularly with regard to accelerating the glycolytic rate and understanding the mediating effects of ethanol, carbohydrates and related osmotic substances.
In previous studies (1-3) , the use of a non-saccharified high corn mash system was described. It was developed to evaluate added carbohydrate and related substances in the ethanol fermentation by S. cerevisiae. Using this model system, it was possible to demonstrate that alcohol production rates (ml hr) were essentially independent of carbohydrate concentration and that alcohol yield depression appeared to be due to factors delaying early yeast growth. Another observation was that under certain conditions, the osmotic repression effect was reversible (3).
An additional important observation was that the higher corn concentrations showed faster ethanol production rates than did the lower corn concentrations. This was a completely unexpected result since higher corn concentrations were shown to be responsible, in part, for the observed repression effects. It was suggested at the time (2) that the glycolytic rate and carbohydrate repression of alcohol yield involved separate regulatory processes, and this has been further supported by the present data.
In studying methods for accelerating glycolysis, it appeared from the previous studies (1, 2) that the increased fermentation rate at the higher corn concentrations could be due to higher levels of solublized nitrogen compounds, which were acting as activators of glycolysis. It has now indeed been found that it is possible to increase the glycolytic rate in the high corn system by the addition of ammonium salts and/or amino acids. This paper covers the initial studies with ammonium salts.
When ammonium sulfate was initially tested in the non-saccharified corn system, the effect on the glycolytic rate was quickly evident: by the 16th hr, there was a dramatic acceleration of glycolysis with a concurrent increase in ethanol yield (Tables 1 and 2 ). The increased glycolytic rate appeared at all levels of added ammonium sulfate during the first day. By the second day, however, there was an equally dramatic change in the overall picture. The fermentations containing more than 0.2% ammonium sulfate essentially stopped alcohol production, while the O.2° addition level continued to show accelerated glycolysis and ethanol production. As a result, the 0.2% addition level completed the fermentation by 40-64 hr, compared to the normal 88 hr period for the non-ammonium sulfate control.
The breakpoint after the first day was very sharp, with all addition levels above O.2° (the experiment included ammonium sulfate levels up to 1.8 %), showing essentially the same initial stimulation of glycolysis followed by the cessation of fermentation after the first day. The cessation of fermentation, at the higher ammonium sulfate levels, is understandable in view of the low final pH values ( Table 1 ). The data indicated that the higher ammonium sulfate levels did not result in an initial all-or-nothing adverse effect, but rather in a delayed effect which was apparently due to the gradual increased extrusion of protons by the metabolizing yeast cells, and the concurrent decrease in extracellular pH below a critical ZIFFER VOL. 32
level (18, 19) . It was unexpected that the addition of (NH4)2SO4 would result in such a strong expulsion of protons or that the high corn system would be unable to buffer the additional proton load. It was also apparent from the data that the critical extracellular fermentation pH was approximately 3.0 and that the fermentation pH Addition of (NH4)2SO4 and citrate to glucose ethanol fermentation. Acceleration of Glycolysis 503 could decrease to this critical level even in highly buffered media. It was evident that additional buffering capacity was required, and as shown in Table 3 , the addition of O.5° citric acid (adjusted to pH 5 with NaOH) eliminated the delayed cessation of ethanol production at the O.3° ammonium sulfate addition level. It would appear, therefore, that the adverse ammonium sulfate effect was due, at least in part, to the decrease in extracellular pH. The data in these experiments indicate that pH is a more critical parameter in the high stress ethanol fermentation than previously recognized (20) and is an area which needs further investigation.
The stimulatory effect was shown to be due to ammonium cation, since sulfate anion, tested as sodium sulfate at equivalent concentrations, did not give similar stimulation (data not shown). As expected, ammonium chloride, tested at NH4+ concentrations equivalent to those used for (NH4)25O4, stimulated glycolysis in a similar manner (data not shown).Interestingly enough, the higher addition levels of NH4C1 resulted in a less dramatic cessation of fermentation, possibly because the final fermentation pH did not decrease below 3.3. Again, as with (NH4)25O4, the addition of 0.5% citric acid (adjusted to pH 5 with NaOH) eliminated the small cessation effect (data not shown).
The use of ammonium salts as a nitrogen source in the alcohol fermentation is, of course, a fairly common practice (20, 21) . One of the earliest references to NH4 + stimulation of the alcohol fermentation was by MUNTZ (22) , who used it in conjunction with dialyzed brewers yeast maceration juice in Warburg studies. It was unexpected, however, that the addition of NH4+ in the high corn system would be required or would accelerate glycolysis under such conditions. It is also important to point out that while the addition of NH4+ resulted in accelerated glycolysis, it had essentially no effect on the total final ethanol yield.
This stimulation of glycolysis probably explains the similar high ethanol fermentation rates obtained with A. oryzae koji saccharified corn mashes (4, 5) , since such corn mashes would undoubtedly contain increased amounts of solublized nitrogen compounds. This view is further supported by the observation that the addition of (NH4)25O4 or NH4C1 to A, oryzae koji saccharified corn mashes did not result in an additional stimulation of the fermentation rate, beyond the high rate already observed (data not shown). Interestingly enough, the relatively fast fermentation rates of koji saccharified grain mashes do not appear to have been previously recognized as possibly due to the stimulation of glycolysis by solublized nitrogen compounds.
While the stimulation by NH4+ is undoubtedly linked to the activation of the key glycolytic enzyme phosphofructokinase (14) , the importance of NH4+ includes its participation in glutamate-glutamane metabolic functions and its role in the urea cycle (23) . The influx of an NH4 + proton source could also help to replenish the proton pool and support the energy generating apparatus, in addition to participating in the regulation of intracellular pH and eliminating metabolic bicarbonate (24, 25 
